
Techmca 


aper 


Surface Effects on Hydrogen 
Permeation Through 

Ti-1 4A1-21 Nb Alloy 



Sankara N. Sankaran, 
Ronald A. Outlaw, 
and Ronald K. Clark 





NASA 

Technical 

Paper 

3109 


1991 


Surface Effects on Hydrogen 
Permeation Through 
Ti-14Al-21Nb Alloy 


Sankara N. Sankaran 

Analytical Services & Materials, Inc. 

Hampton, Virginia 

Ronald A. Outlaw and Ronald K. Clark 
Langley Research Center 
Hampton, Virginia 


NASA 

National Aeronautics and 
Space Administration 

Office of Management 

Scientific and Technical 
Information Division 



Abstract 

Hydrogen transport through Ti-14Al-21Nb (percent weight) alloy was 
measured using ultrahigh vacuum (UHV) permeation techniques over 
the temperature range from 50(FC to 90GPC and hydrogen pressure 
range from 0.25 to 10 torr. Hydrogen permeability through the alloy 
can be described through two different mechanisms depending on the 
temperature of exposure . In the range from 675°C to 90(PC , the 

process is diffusion limited: the permeability has a weak temperature 
dependence , but the diffusivity has a strong temperature dependence . 
Below 67FC the permeation rate of hydrogen is very sensitive to 
surface- controlled processes such as the formation of a barrier layer 
from contaminants. A physical model explaining the role of surface 
films on the transport of hydrogen through Ti-14Al-21Nb alloy has been 
described. 


Introduction 

Titanium aluminide intermetallic alloys are be- 
ing considered for use in hydrogen- fueled hypersonic 
vehicles because of their superior high-temperature 
specific strength and stiffness characteristics. Be- 
cause these structures are expected to be exposed 
to hydrogen at temperatures ranging from cryogenic 
to 1000°C and to hydrogen pressures ranging from 
subatmospheric to over 100 atm, evaluation of the 
hydrogen compatibility of these alloys is very impor- 
tant. Ti-14Al-21Nb (percent weight) alloy is a mod- 
ification of the intermetallic T^Al in which Nb has 
been added for phase control. This alloy has received 
considerable attention in recent years as a candidate 
material for hypersonic structures. However, only a 
few limited studies on the hydrogen compatibility of 
this alloy have been reported in the literature (refs. 1 
and 2). These studies have established that this al- 
loy has a substantial solubility for hydrogen (up to 
1.9 percent weight in the temperature interval from 
500°C to 1050°C) and is susceptible to the formation 
of hydrides below 700° C. 

Although the mechanisms of the interaction of hy- 
drogen with the Ti-14Al-21Nb alloy have not been 
completely established, experience with pure tita- 
nium (refs. 3 and 4) and other transition metals like 
niobium, tantalum, and vanadium (refs. 5 and 6) 
shows that hydrogen causes a degradation in the me- 
chanical properties of these materials. This degra- 
dation occurs by several mechanisms depending on 
the nature of the interaction. For example, because 
of the very low solubility of hydrogen in a-titanium 
at room temperature (ref. 4), brittle hydrides readily 
form and lead to a loss in the ductility of the metal. 

Even under conditions when hydrides do not 
form, hydrogen in solid solution has been shown to 
cause a degradation in the mechanical properties of 
both a-titanium (ref. 7) and /3-stabilized alloys of 


titanium (ref. 8). Thus, the severity of mechani- 
cal property degradation in titanium alloys due to 
hydrogen depends on the microstructural effects of 
hydrogen in the alloy. In general, the stability of 
hydrogen-induced phase changes is controlled by sev- 
eral factors: the pressure of hydrogen in the envi- 
ronment, the temperature of exposure, and the sur- 
face condition of the alloy. However, the extent of 
microstructural changes through the bulk of the 
structure depends on the transport rate of hydrogen 
from the environment to the interior of the metal. 

The purpose of the present work was to estab- 
lish the solubility and transport characteristics of hy- 
drogen in Ti-14Al-21Nb alloy over the temperature 
range from 500° C to 900° C and the hydrogen pres- 
sure range from 0.25 to 10 torr. These conditions are 
representative of those to be encountered by regions 
of a hydrogen-fueled hypersonic vehicle where alloys 
like Ti-14Al-21Nb might be used. 

Analysis 

Membrane permeation is a popular technique 
used for the characterization of hydrogen transport 
through metals and alloys. The experimental pro- 
cedure involves exposing one side of a thin sheet of 
material to gas at the desired partial pressure while 
maintaining the other side under ultrahigh vacuum 
(UHV) conditions. The simplest case of permeation 
is one in which surface phenomena such as sorption 
and desorption of gas molecules at the specimen sur- 
face and dissociation or recombination of molecules 
at the interfaces proceed much faster than the diffu- 
sion of atoms through the membrane. Under these 
conditions, the near-surface regions of the membrane 
are in thermodynamic equilibrium with their respec- 
tive contiguous gas phase. 

The time variation of hydrogen flux through the 
membrane (fig. 1) exhibits three distinct regimes: an 
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initial transient regime that begins with hydrogen 
exposure and continues until equilibrium conditions 
exist, a steady-state regime that exists during equi- 
librium, and a final transient regime that begins with 
removal of the hydrogen gas from the upstream sur- 
face and continues as the downstream pressure de- 
cays. Hydrogen transport for each of these condi- 
tions can be modeled by the solution of Fick’s laws 
with the appropriate boundary conditions. 



Time, t 

Figure 1. Time dependence of permeation through membrane. 


This description of hydrogen transport is ade- 
quate for many cases. In more complex cases, phase 
transformations and the presence or formation of sur- 
face layers lead to the problem of permeation through 
laminated materials for which time-dependent solu- 
tions of the diffusion equation are more complex. 
However, by using the steady-state solutions devel- 
oped by Perkins (ref. 9) and Ash et al. (ref. 10), per- 
meation through a variety of systems can be analyzed 
as described below. 



Figure 2. Schematic diagram of permeation through 
homogeneous membrane. 


is the concentration of hydrogen in equilibrium with 
the gas at the downstream side, and d is the thickness 
of the membrane. The concentrations of hydrogen in 
the alloy at the near-surface regions can be related 
to the partial pressure of hydrogen in the gas phase 
as 



(2a) 

c 2 = SP2 

(2b) 


where is the partial pressure of hydrogen at 
the upstream side, P ^ is the partial pressure of 
hydrogen at the downstream side, S is the solubility 
of hydrogen in the alloy, and n = 1/2 for the 
solution of diatomic gases in metals (Sievert’s law) 
or n = 1 for the nondissociative solution of gases 
in dielectrics. Since the downstream side is always 
maintained under UHV conditions, it can be assumed 
that C\ » Q? , and thus equation (1) becomes 


Case 1: Permeation Through a 
Homogeneous Membrane 

A homogeneous permeation membrane is one in 
which surface layers are not present and in which the 
permeating species do not cause any phase transfor- 
mations or redistribution of the existing phases in 
the alloy. Figure 2 is a schematic diagram repre- 
senting permeation through such a membrane. In 
this case, the steady-state flux J ss of the permeat- 
ing species (hydrogen, for example) arriving at the 
downstream side of the membrane can be written as 
(refs. 9 and 11) 


d 


a) 


where D is the diffusivity of hydrogen in the test 
material, C\ is the concentration of hydrogen in 
equilibrium with the gas at the upstream side, C 2 


d 


(3a) 


The product 

K ~ DS (3b) 

is defined as the permeability of the diffusing species 
through the alloy. Thus, equation (3a) reduces to 


d 


(3c) 


For the case of permeation at a constant tem- 
perature and upstream hydrogen pressure, the right- 
hand side of equation (3c) is invariant with time and, 
therefore, J ss reaches a constant value. Thus, by ex- 
perimentally measuring J ss , the permeability K of 
a homogeneous material can be determined through 
equation (3c). 
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Although K is a material property, a complete 
characterization of the transport properties of a 
metal/alloy requires the separation of K into its 
components: diffusivity D and solubility S . Mea- 
surements during the nonsteady regimes of the per- 
meation experiment can be used to determine the 
diffusivity. Methods for determining the diffusivity of 
a homogeneous material (refs. 9 and 11-13) include 
the time-lag method, the inflection method, and the 
pressure- decay method. These methods evolve from 
the solution of the diffusion equation for particular 
boundary conditions. 

The time-lag method is based on the fact that 
the time integral of the flux becomes linear at steady 
state and the initial nonlinearity is equivalent to a 
time lag (ref. 11): 

rt KPS ( d 2 \ 

««, = /„ ^=6cJ 

( 4 ) 

where Q{t) is the cumulative flux of hydrogen arriv- 
ing at the downstream side, tl is the intercept of the 
linear portion of the curve on the time axis, and t 
represents time. Diffusivity is determined from the 
experimentally measured value of r^. 

The inflection method is based on determination 
of the time at which the nonsteady-state flux passes 
through an inflection point that is related to the 
diffusivity (ref. 12): 


stages of the test since the measurements are com- 
menced only after the attainment of steady-state con- 
ditions. This technique was therefore chosen in this 
work as the primary technique for the determination 
of diffusivity. 

From a knowledge of the permeability and diffu- 
sivity of the species through a homogeneous mem- 
brane, the solubility of the permeating species in 
the membrane material can be calculated from 
equation (3b) as 


Case 2: Permeation Through a Membrane 
With a Barrier Layer of Constant 
Thickness 

Permeation through a membrane with a barrier 
layer is represented by the schematic diagram in fig- 
ure 3. The presence of a barrier layer such as an 
oxide, nitride, or carbide layer on the membrane sur- 
face results in the equivalent of permeation through 
a laminated material in which each of the layers has 
its characteristic permeabilities. Since no species ac- 
cumulation can occur at the interface between the 
barrier layer and the bulk alloy, a steady-state flux 
balance at the interface leads to 

Kt K - r?) _ KP , ? 

<4 d 


D — 


0.04124d 2 fdJ\ 
dt ) , 


( 5 ) 


where J w is the permeation flux at the inflection 
point and ( dJ/dt) w is the slope of the flux at the 
inflection point. 


The pressure- dec ay method is based on measure- 
ments of the decay of the downstream flux after 
steady-state conditions are reached and the upstream 
hydrogen gas source is eliminated. The decay of the 
flux, described by Perkins (ref. 9) and Outlaw et al. 
(ref. 11), becomes approximately exponential after 
a reasonably short time with a decay-time constant 
given by 



(6) 


Here, D is computed from the experimentally mea- 
sured value of the decay constant r . 

The pressure-decay method is relatively insensi- 
tive to the fluctuations in the temperature and hy- 
drogen pressure that may occur during the initial 


where K b is the permeability of the barrier layer for 
hydrogen, d b is the thickness of the barrier layer, P e is 
the equilibrium pressure of hydrogen at the interface 
during steady-state flow, K is the permeability of 
hydrogen through the alloy, and d is the thickness of 
the membrane. 


h-'-H 



Figure 3. Schematic diagram of permeation through mem- 
brane with barrier layer. 


Assuming that n has the same value for both 
materials, the magnitude of the flux of hydrogen 
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arriving at the downstream side can be determined time dependence. Again, for the surface layer to be 
by combining equations (3c) and (8): an effective barrier, 


1 KP L 


( 9 ) 


4(0 

K d-a d b {t) 


When d b — 0, i.e., when no barrier layer is present, 
this equation reduces to equation (3c). Two possibili- 
ties follow from equation (9). If d b /d « K b /K , then 
the term within the parentheses approaches unity 
and equation (9) again reduces to equation (3c), thus 
suggesting that the surface layer has little effect on 
the permeation flux. However, if K b /K « d b /d , 
then J ss may be considerably lower than that of the 
pure alloy. In this case, although J ss reaches a con- 
stant value at steady state, an unequivocal determi- 
nation of the permeability K of the test alloy requires 
a knowledge of the thickness and permeability of the 
barrier layer. 

Case 3: Permeation Through a Membrane 

With Growing Barrier Layer 

Permeation through a membrane with a growing 
barrier layer is characterized by a time dependence of 
the permeation flux that is related to the growth of 
the barrier layer. Two types of processes can lead to 
the formation of the barrier layer: (1) deposition of 
a nonreacting layer on the membrane surface, and 
(2) formation of a reaction-product layer such as 
an oxide, nitride, or carbide. Since the reaction- 
layer formation involves consumption of the base 
alloy, the thickness of the alloy decreases with time. 
Conservation of matter at the interface and flux 
balance of the diffusing species at the boundary lead 

_ KP? 

d b (t ) d-a d b (t) (W) 

The terms have the same meaning as in case 2 except 
that the barrier thickness varies with time and a is a 
factor to account for the consumption of the bulk 
alloy as the barrier increases in thickness. For a 
reaction-product layer, a is the ratio of the molar 
volume of the alloy to the molar volume of the 
reaction product or barrier compound (usually <1). 
The flux of hydrogen at the downstream side can be 
determined by combining equations (3c) and (10): 



For a deposited, nonreacting layer, a = 0 and equa- 
tion (11) reduces to equation (9) with d b showing a 


Also, since d b has a time dependence, the permeation 
flux will show a continuous decrease with exposure 
duration corresponding to the growth rate of the 
surface film. Further, if the permeation experiment 
is carried out on a clean membrane, the initial part of 
the experiment may show an apparent maximum in 
the permeating flux because of an insignificant effect 
of the barrier layer on permeation during the early 
stages of barrier formation. 

Since J ss depends on a number of factors like 
the permeability characteristics of the barrier layer 
and its growth rate, experimentally determining the 
permeability of the membrane material becomes very 
complex. 


Case 4: Permeation Through a Membrane 

With Gas-Induced Phase Transformations 

Permeation through a membrane with gas- 
induced phase transformations is a significant prob- 
lem for titanium and its alloys in which hydrogen 
acts as an alloying element and stabilizes the /3-phase 
or forms hydrides. Since these phases exist only at 
hydrogen pressures equal to or higher than their 
respective equilibrium dissociation pressures, phase 
transformations during hydrogen permeation are not 
observed at lower hydrogen pressures. For example, 
as shown in figure 4, if the hydrogen pressure at the 
upstream side reaches the equilibrium dissociation 
pressure for the hydride phase, thermodynamics dic- 
tates that a continuous layer of the hydride phase will 
form on the alloy surface exposed to the gas phase. 
During this stage the interface between the hydride 
phase and the alloy remains at the dissociation pres- 
sure of the hydride phase. Thus, the interfacial flux 
balance leads to the condition 


±l (d * _ K » ( P H 2 - p eq) KP” 
tidC H> d H d-/3d n 


( 12 ) 


where ft is the volume of hydride formed for every 
atom of hydrogen, /\ j j is the permeability of hydro- 
gen through the hydride phase, d# is the instan- 
taneous thickness of the hydride phase, P e q is the 
hydrogen pressure at which both the alloy and the 
hydride phase are in equilibrium (dissociation pres- 
sure of the hydride), and 0 is the ratio of the molar 
volumes of the alloy and the hydride. However, at 
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Figure 4. Schematic diagram of permeation through mem- 
brane with hydride layer. 


the downstream side, the flux of hydrogen will be 


J = 


d - f3d n 


(13) 


The growth of the hydride layer will continue 
as long as the right side of equation (12) has a 
positive value. The onset of the steady-state flux 
at the downstream side is marked by the condition 
^(d H ) = 0, which corresponds to 


Jss 


d — /3dft 


(14) 


where d ^ is the equilibrium thickness of the hydride 
for a given exposure condition. 

Equation (14) predicts that the steady-state flux 
has a constant value; however, the growth-rate char- 
acteristics of the hydride phase determine how soon 
the steady-state condition will be reached. Also, an 
examination of equation (13) indicates that before 
reaching a constant value, the flux at the downstream 
side will show a continuous increase over time that is 
related to the growth rate of the hydride phase. This 
behavior is in contrast to the previous case where 
the growth of a barrier layer was shown to lead to a 
continuous decrease in the hydrogen flux over time. 

Experimental Procedure 

The Ti-14Al-21Nb alloy used for this study was 
a 1.25-cm- thick rolled plate. The alloy composition 
provided by the vendor is listed in table I. The cir- 
cular membrane test specimen (having an exposed 
region approximately 0.04 cm thick and a diameter 
of 1.6 cm) was machined with knife edges to allow as- 
sembly with metal seals between two miniflange nip- 
ples. Before assembly the membrane surfaces were 
mechanically polished to a 1200-grit finish, chemi- 
cally cleaned to minimize oxides and residual contam- 
inants, and heat treated under vacuum at 1100°C for 


Table I. Chemical Analysis of 
Ti-14Al-21Nb Alloy 


Element 

Composition, percent weight 

Nominal 

Actual 

A1 

14 

14.1 

Nb 

21 

21.30 

Mo 


<.01 

Fe 


.09 

V 


<.01 

C 


.02 

O 


.13 

N 


.015 

H 


.0065 

Zr 


<.01 

Ti 

Balance 

Balance 


1.5 hr to stabilize the microstructure. In the heat- 
treated condition, the microstructure consisted pre- 
dominantly of equiaxed 012 grains with small amounts 
of an orthorhombic phase and /3-phase at the grain 
boundaries (ref. 14). 

The permeation studies were conducted in the 
UHV apparatus depicted in the schematic diagram 
in figure 5 and described previously (ref. 11). The 
membrane assembly was heated in a tubular furnace 
and was oriented such that the membrane separated 
the hydrogen supply side (upstream chamber) from 
the detection side (downstream chamber). Both 
sides of the membrane were initially brought to UHV 
conditions (lower than 10 -8 torr). 

Prior to the start of a test, the membrane was 
heated under vacuum to the test temperature and 
was maintained at that temperature for at least 1 hr 
before exposure to hydrogen. High-purity hydrogen, 
which had been liquid nitrogen cold-trapped to re- 
move all condensibles, was then allowed to enter the 
upstream side of the membrane while maintaining 
the downstream side under UHV. The pressure of 
the gas at the upstream side was maintained at a 
constant value for each test using a pressure con- 
troller and capacitance pressure gauges. For rea- 
sons described later, experiments were conducted un- 
der two conditions: (1) stagnant conditions, where 
the hydrogen pressure in the upstream chamber 
was maintained constant at the test pressure, and 
(2) dynamic conditions, where dynamic flow at a con- 
stant pressure was achieved in the upstream chamber 
by exhausting a significant portion of the supply gas 
through an auxiliary valve. The tests were conducted 
at hydrogen pressures ranging from 0.25 to 10 torr 
and temperatures ranging from 500° C to 900° C . 
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Figure 5. Schematic diagram of UHV hydrogen permeation apparatus. 


The permeation of hydrogen through the mem- 
brane resulted in an increase in the downstream pres- 
sure (measured through an ion gauge) since an orifice 
of known conductance controlled the rate of pump- 
ing of hydrogen away from the downstream cham- 
ber. The mass flow of hydrogen through the mem- 
brane was computed from the instantaneous value of 
the downstream pressure using gas laws. During the 
test the downstream pressure was continuously moni- 
tored by feeding the output of the ion gauge through 
a precalibrated log amplifier to a computer and a 
pen recorder. In most cases the permeation experi- 
ment was continued until the steady-state conditions 
were established. At that stage the hydrogen gas at 
the upstream side was pumped away and the down- 
stream pressure decayed to the ultimate pressure of 
the system. 


from 500° C to 900° C in 25° C increments. At each 
temperature the tests were conducted in sequence be- 
ginning at the lowest upstream pressure. A minimum 
of two sets of data were taken for each temperature 
and pressure condition to assure repeatability. 

Results and Discussion 

Permeation Flux 

Equation (3c) indicates that for a homogeneous 
membrane, the steady-state permeation flux of hy- 
drogen is constant for given conditions of tempera- 
ture and pressure. This behavior is illustrated by fig- 
ure 6 which shows the permeation flux of hydrogen 
through Ti-14Al-21Nb alloy at an exposure tempera- 
ture of 700°C and a hydrogen pressure of 1 torr under 
stagnant conditions. 
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Figure 6. Hydrogen permeation flux through Ti-14Al-21Nb 
under stagnant conditions at 700° C and hydrogen pres- 
sure of 1 torr. 

All the permeation experiments were conducted 
on a single membrane at temperatures increasing 
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Figure 7. Hydrogen pressure dependence of permeation flux 
through Ti-14Al-21Nb alloy under stagnant conditions at 
different temperatures. 
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Equation (3c) also predicts that the steady-state 
permeation flux must exhibit a one-half- power de- 
pendence on hydrogen pressure if Sievert’s law is 
valid. Figure 7 shows permeation flux as a function 
of hydrogen pressure for stagnant conditions at tem- 
peratures from 600° C to 775° C . The one-half-power 
pressure dependence was observed for exposure tem- 
peratures >700°C. At temperatures <650 C, the 
permeation flux deviated from the one-half-power 
pressure dependence and showed evidence of hystere- 
sis effects that led to nonrepetitive data. 

This behavior is more evident in figure 8 which 
shows data from two permeation runs that were con- 
ducted one after the other under identical exposure 
conditions (600° C and a hydrogen pressure of 1 torr) 
but that were separated by an intermediate vacuum 
anneal. The permeation flux displayed an initial in- 
crease that led to an apparent plateau, followed by 
a continuous decrease with time. The intermediate 
vacuum anneal resulted in a partial recovery of the 
permeation flux, but the other features remained sim- 
ilar to those for the initial exposure. These results 
show clearly that under stagnant conditions the per- 
meation flux of hydrogen through Ti-14Al-21Nb at 
temperatures <650° C is dependent on the prior ex- 
posure history of the membrane. 
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Figure 8. Effect of exposure duration and vacuum anneal 
on hydrogen permeation flux in Ti-14Al-21Nb alloy under 
stagnant conditions at 600° C and hydrogen pressure of 
1 torr. 

Under dynamic flow conditions the permeation 
flux at lower temperatures was not dependent upon 
the prior exposure history of the membrane. Per- 
meation flux under dynamic conditions is contrasted 
with permeation flux under static conditions in fig- 
ure 9 which presents data for a sequence of tests at 
650° C . The first curve in the figure is for a test 
that was begun under stagnant conditions but was 
concluded under dynamic conditions (run 1). The 
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Figure 9. Effect of dynamic flow of upstream hydrogen gas 
on hydrogen permeation flux through Ti-14Al-21Nb alloy 
at 650° C and hydrogen pressure of 3 torr. (Run 1 was 
initiated under stagnant conditions and concluded under 
dynamic flow conditions; runs 2-4 were conducted under 
dynamic flow conditions.) 

curve shows that under stagnant conditions, the per- 
meation flux increased rapidly to a peak value and 
then slowly decreased with time until dynamic flow 
conditions were initiated and the permeation flux was 
stabilized. At the conclusion of the test represented 
by the first curve, the system was pumped to UHV 
conditions and hydrogen flow was initiated under dy- 
namic conditions (run 2), thus resulting in a rapid 
rise in permeation flux to a stable level somewhat 
higher than the peak achieved during the stagnant 
portion of the first curve. This procedure was re- 
peated two times (runs 3 and 4) and provided re- 
peating values of hydrogen permeation flux that were 
greater than those for previous runs. 

Figure 10 shows a comparison of the steady- 
state hydrogen permeation flux under stagnant and 
dynamic conditions at temperatures of 650° C and 
700° C. The straight line in the figure corresponds 
to a half-power dependence of permeation flux on 
hydrogen pressure. The 700° C data for stagnant and 
dynamic conditions and the 650° C data for dynamic 
conditions correlate very well with the line. The 
data taken at 650° C under stagnant conditions do 
not correlate with the line, and the two data points 
at 1.5 torr are not repetitive. 

Hydrogen Transport Properties of the 

Alloy 

The data for hydrogen permeability, diffusivity, 
and solubility in Ti-14Al-21Nb versus temperature 
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H 2 

Figure 10. Variation in steady-state hydrogen permeation flux 
through Ti-14Al-21Nb with pressure at 650°C and 700°C 
under stagnant and dynamic flow conditions. 
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Figure 11. Permeability of hydrogen in Ti-14Al-21Nb alloy. 


fall into two distinct temperature ranges: data for 
temperatures >675°C and data for temperatures 
<650°C. The hydrogen permeability K calculated 
from the measured steady-state flux, and using equa- 
tion (3c) with n = 1/2, is summarized in figure 11. 
In the high-temperature range, the data are repeat- 
able and independent of the upstream hydrogen pres- 
sure, as predicted for a homogeneous membrane. 
In this temperature range the permeability can be 
represented by an Arrhenius fit of the data: 


K = 3.64 x 10 


16 


exp 


-3300 cal/mol \ 


RT 


cm ^sec 1 (15) 


where R is the universal gas constant (in cal/mol/K) 
and T is the temperature (in K). In the low- 
temperature range, the calculated permeability val- 
ues are lower than expected and reflect the scatter 
that was observed in the measured permeation flux. 


Figure 12 presents data for the diffusivity of 
hydrogen in Ti-14Al-21Nb alloy calculated using 
equation (6). Again, the two temperature ranges 
are evident in the data. In the temperature range 
from 675°C to 900°C, the temperature dependence 
of the diffusivity is described by an Arrhenius fit of 
the data: 

n oq m-4 f “13 180 cal/mol \ 2 -l 

D — 9.8 x 10 * exp f J cm -sec 1 

(16) 

An important feature of the diffusivity is that it 
has a significantly higher activation energy than the 
permeability. 


Temperature, °C 



Figure 12. Diffusivity of hydrogen in Ti-14Al-21Nb alloy. 

Figure 13 presents the solubility data that were 
calculated from the permeability and diffusivity val- 
ues using equation (7). Again, the temperature 
dependence of this property over the range from 
675° C to 900° C can be described by an Arrhenius 
fit of the data: 

S = 4.0 x 10 19 exp f -gj. Jem - 3 (17) 

Since the solubility data were inferred from the per- 
meability and diffusivity values, it follows from equa- 
tions (15) and (16) that solubility has a positive slope 
in the Arrhenius plot, thus indicating a negative en- 
thalpy for the dissolution of hydrogen in the alloy; 
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Solubility, cm 


i.e., solubility decreases as the temperature increases. 
This behavior has been noted for metals like titanium 
and zirconium (ref. 15). 

Temperature, °C 



For a membrane of constant thickness, equa- 
tion (3b) states that permeability is the product of 
diffusivity and solubility. Therefore, at very low pres- 
sures where the solubility S is a constant (Henry’s 
law regime), the permeability K must be indepen- 
dent of the upstream hydrogen pressure. Also, since 
K is a characteristic property of a given phase of a 
material, it can be assumed from the absence of a sig- 
nificant variation in the permeability data as a func- 
tion of hydrogen pressure over the temperature range 
from 675°C to 900°C (fig. 11) that no phase transi- 
tions have been induced by hydrogen over the pres- 
sures used in this temperature range. Thus, equa- 
tions (15)— (17) describe the transport properties of 
hydrogen in the a 2 -phase (the predominant phase) 
of the alloy. 

Permeation Characteristics in the 

Low- Temperature Range 

For temperatures <650°C, the dependence of the 
permeation flux on the exposure history, and the 
deviation of the permeation flux from the expected 
pressure dependence (eq. (3a)), indicates that the 
process is being limited by a different rate-controlling 
mechanism. A few possibilities are as follows: 

1. Formation of hydrogen-induced phases on the 
alloy surface, such as a hydride. 

2. Native films such as oxides present on the alloy 
surface. 


3. Formation of barrier layers on the alloy surface 
by impurities in hydrogen. 

Before attempting to decide which of these possibili- 
ties is most likely to occur, the implications and con- 
sequences of each of these processes on the perme- 
ation of hydrogen through the alloy will be explored. 

Hydrogen forms a hydride phase in titanium 
through an eutectoid transformation (ref. 3). Un- 
der these conditions, the flux of hydrogen received at 
the downstream side is governed by equation (13). 
The attainment of the steady-state condition, in this 
case, is contingent upon the hydride phase reaching 
its ultimate thickness (d^), which is a function of the 
upstream pressure. When the permeation process is 
driven by hydride formation, the growth-rate charac- 
teristics of the hydride phase will control the perme- 
ation flux at the downstream. Since both /3 and dp 
in equation (13) are positive quantities, the perme- 
ation flux will increase with time until steady state is 
reached. At steady state the permeation flux will be 
given by equation (14). Since the low-temperature 
data presented in figure 8 do not reflect this trend, it 
is unlikely that the results for temperatures <650° C 
can be explained on the basis of hydride formation. 

Because of their high reactivity with atmospheric 
gases, titanium and its alloys readily form surface 
oxides or nitrides. Equation (9) shows that the per- 
meation flux should still reach a constant, but lower, 
value at the steady-state condition if native films act 
as a barrier layer. Several studies (refs. 16-20) have 
confirmed the inhibiting nature of the surface films 
on hydrogen permeation through titanium, particu- 
larly at temperatures below 600° C. In order to deter- 
mine the nature of the interaction of hydrogen with 
the metal in the presence of surface oxide films, the 
pressure dependence of the permeation flux has been 
used as the controlling parameter (ref. 21). If the 
surface films restrict the reaction of hydrogen with 
the metal, the permeation flux will have a first-power 
dependence on the hydrogen pressure, as confirmed 
by a number of hydrogen permeation studies below 
600°C on preoxidized and prenitrified samples of tita- 
nium (ref. 16). In the present case the dependence of 
the permeation flux on exposure duration and history 
(fig. 8) suggests that the native films cannot explain 
the observed results for the Ti-14Al-21Nb alloy. 

As described through equation (11), the contin- 
uous decrease in the permeation rate of hydrogen 
through the membrane as a function of the expo- 
sure duration indicates that the process is limited 
by a barrier layer that grows in thickness with pro- 
longed exposure. The dynamic nature of the process 
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suggests that the barrier-layer growth is triggered by 
the hydrogen gas itself because of impurities. Retar- 
dation in the permeation rate of hydrogen through 
titanium due to impurities in the gas has also been 
noted by other investigators (refs. 18 and 22). 


Permeation Model 

If the hydrogen gas at the upstream side of the 
membrane is contaminated with small amounts of 
oxygen, water vapor, or other species like CO, the 
high reactivity of titanium with these species will 
lead to the formation of a surface layer. A com- 
parison of equations (9) and (11) indicates that the 
effectiveness of the surface layer as a barrier to hy- 
drogen transport depends on its thickness. Since ti- 
tanium and its alloys also have the ability to dissolve 
species such as C and O, the thickness of the surface 
layer will depend on the mass balance between two 
competing mechanisms: layer formation k\ and layer 
dissolution &2 depicted in the schematic diagram in 
figure 14. 



Figure 14. Model for hydrogen transport through membrane 
with barrier layer. 


Since the surface-layer formation due to the im- 
purities occurs under very low partial pressures of 
the reactant species, the rate of growth of the layer 
is likely to be limited by the rate of impingement of 
the molecules. The kinetics of this process can be 
written through a slight modification of the Hertz- 
Knudsen-Langmuir equation (ref. 23) as 


jx = s{ 1 - 6) 


Px 

(27 tM x RT) 1/2 


(18) 


where j x is the flux of impinging impurity molecules, 
P x is the partial pressure of the species in the cham- 
ber, M x is the molecular weight of the species, R is 
the gas constant, T is the absolute temperature, s is 
the sticking coefficient, and 6 is the coefficient of cov- 
erage of the layer (oxide, nitride, or carbide depend- 
ing on the impinging species) on the alloy surface. 


For s = 1 and a small existing coverage on the 
alloy surface (i.e., 6 is small), equation (18) predicts 
that the growth rate of the barrier layer is directly 
proportional to P x and inversely proportional to T. 
Since the impurities are assumed to be contained in 
the incoming hydrogen gas, it follows that P x will 
be proportional to the upstream hydrogen pressure. 
In other words, the barrier-layer growth rate, and 
therefore its effectiveness, will increase with increase 
in upstream hydrogen pressures and decrease with 
high temperatures of exposure. At low temperatures 
where barrier-layer formation is faster than barrier- 
layer dissolution, the permeation flux of hydrogen 
will decrease with an increase in the partial pressure 
of hydrogen and with prolonged exposure. Thus, 
the low- temperature data of figures 7 and 8 are 
rationalized. 

The process of dissolution of the impurity species 
into the alloy is governed by the diffusional charac- 
teristics of the alloy for the species like oxygen, ni- 
trogen, and carbon. Since diffusion is a thermally 
activated process, it is significantly more efficient at 
the higher temperatures because of its exponential 
dependence with temperature. Thus at high temper- 
atures, growth of the barrier layer is slowed (as seen 
in eq. (18)), dissolution of the barrier layer is accel- 
erated, and the net effectiveness of the barrier layer 
is reduced. 

High-temperature Auger electron spectroscopic 
studies on Ti-14Al-21Nb alloy (ref. 14) have shown 
that the native surface film remains stable on this al- 
loy up to approximately 400° C, and it is completely 
dissolved only above about 700° C. In principle, there- 
fore, it appears likely that the permeation results at 
temperatures <650°C for this alloy are a consequence 
of the stability of a barrier layer formed by impurities 
in the gas. A similar behavior has been observed for 
hydrogen permeation through zirconium which also 
shows a concurrent oxide formation and dissolution 
phenomenon (ref. 24). 

Based on these results, the behavior of hydrogen 
in Ti-14Al-21Nb alloy can be classified into two ma- 
jor ranges based on the temperature of exposure. In 
the high-temperature range (>675°C), permeation of 
hydrogen through the alloy is controlled by the trans- 
port characteristics (diffusivity and solubility) of 
hydrogen in the alloy. Surface barriers, if any, are 
ineffective since their stability is undermined by the 
ability of the alloy to rapidly dissolve them. In 
the low-temperature range (<650°C), the perme- 
ation process is very sensitive to the surface reac- 
tions. Even small amounts of contaminants in the 
gas can form surface barriers that significantly lower 
the adsorption and dissolution of hydrogen on the 
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alloy surface. Further, the growth rate of barrier 
layers is enhanced while the dissolution kinetics are 
slowed down, and these layers control the permeation 
process. 

Source of Gas Contamination 

Since the hydrogen gas used in this study was pro- 
cured to a specification of less than 1 ppm of impuri- 
ties and was introduced into the upstream chamber 
after cold-trapping in liquid nitrogen, the gas sup- 
ply did not appear to be the cause of contamina- 
tion. The other potential cause for contamination 
was identified as the species desorbed from the walls 
of the UHV system upon backfilling with hydrogen 
gas. The exact nature of the phenomenon that can 
be described as “molecular scrubbing” is not under- 
stood, but a systematic study of this effect has been 
initiated in this laboratory. 

Of particular relevance to the molecular scrubbing 
effect in the present work is the release of CO from 
the vacuum system in the presence of hydrogen gas. 
Figure 15 presents data on the mass-spectrometer 
peak intensities for CO and hydrogen (which relate 
directly to their partial pressure in the system) as 
a function of the total pressure of backfilled hydro- 
gen. The peak intensities were determined using a 
quadrupole mass spectrometer. Observation of the 
ratio of CO peak intensity to hydrogen peak intensity 
as a function of hydrogen pressure in figure la indi- 
cates that the CO came from the system but not as 
an impurity in the hydrogen gas. For a gas impurity, 
this ratio should remain independent of the hydro- 
gen pressure compared with more than an order-of- 
magnitude variation observed in figure 15. A further 
confirmation that the CO came from the system but 
not as an impurity in the gas was obtained from the 
fact that the peak intensity of CO at a constant pres- 
sure of hydrogen increased with exposure duration, 
whereas that of hydrogen remained constant. 

The results of figure 9 can now be easily under- 
stood. At exposure temperatures <650°C with a 
stagnant gas, the contaminants in the gas due to 
molecular scrubbing were sufficient to form barrier 
layers that lowered the permeation rate. However, 
with a flowing gas stream, the permeation flux dis- 
played the expected behavior since the contaminant 
species such as CO were removed fast enough from 
the system that dissociative adsorption of the species 
in the Ti-14Al-21Nb alloy was minimized. 

Conclusions 

Membrane permeation tests were conducted for 
Ti-14Al-21Nb alloy in hydrogen gas at temperatures 



Figure 15. Variation in CO as contaminant in hydrogen gas 
with hydrogen pressure. 

ranging from 500°C to 900°C and hydrogen pressures 
from 0.25 to 10 torr. Hydrogen permeability, diffusiv- 
ity, and solubility were determined for the alloy. The 
following conclusions are drawn from the results: 

1. At exposure temperatures >675°C, the perme- 
ation of hydrogen through the alloy is diffu- 
sion limited at pressures below the threshold for 
hydrogen-induced transformations . 

2. At temperatures <650°C, permeation is limited 
by adsorption processes. In this range, contami- 
nants from the walls of the permeation system dis- 
sociatively adsorb on the alloy surface and form 
a barrier layer (oxides and/or carbides) that in- 
hibits the adsorption of hydrogen. 

3 . The stability of the barrier layer is governed by 
the kinetics of two competing processes: forma- 
tion and dissolution. The dissolution process is 
dominant at temperatures >675°C so that the 
barrier layer does not grow in thickness and has 
no influence on the hydrogen permeation process. 

4 The adsorbed gases on the walls of a clean 
ultrahigh vacuum (UHV) system are the primary 
source of contaminants. The adsorbed gases are 
released from the walls through molecular scrub- 
bing by the hydrogen gas. Maintaining gas flow 
on the upstream side of the membrane removes 
contaminants from the system and limits their 
buildup in the hydrogen gas. At temperatures 
<650°C, where barrier-layer dissolution kinetics 
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are weak, the deleterious effects of molecular 
scrubbing can be avoided by employing gas flow. 

NASA Langley Research Center 
Hampton, VA 23665-5225 
March 6, 1991 
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